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Fracture configurations of the equine radius and tibia after a
simulated kick
Abstract
The objective of this postmortem study was to determine the fracture configurations of the equine radius
and tibia after a simulated kick. Fracture configurations of 35 radii and 36 tibiae from 19 adult horses
were evaluated after a simulated kick in an experimental exvivo study. The bones were dissected, the
proximal and distal ends were embedded in resin, fixed horizontally and preloaded in compression, and
a steel impactor, designed to simulate a shod equine hoof, was dropped from a height of three to six
metres onto the diaphysis. The experiments were filmed with a high-speed camera (30,000
pictures/second). The bones were then photographed and radiographed using a C-arm based 3D imaging
device. A software programme (Osirix) was used to reconstruct the fissured and fractured bones
three-dimensionally on a computer screen for assessment of the fracture configuration and fissure lines.
Incomplete fractures occurred in 26 bones and complete fractures in 42. The complete fractures included
22 butterfly and 20 simple fractures; the latter included 17 oblique, two transverse and one longitudinal
fracture. Additional longitudinal fissures occurred in 98% of the fractures. The butterfly fragment was
always located on the side opposite the impact. There was a significant correlation between the type of
bone and the fracture configuration: butterfly and oblique fractures occurred more frequently in the
tibia, and incomplete fractures occurred more frequently in the radius. The data collected can be used to
optimize evaluation of fractures and fissures caused by a kick and thereby improve surgical
stabilization.
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Summary
The objective of this postmortem study was to deter-
mine the fracture configurations of the equine radius
and tibia after a simulated kick. Fracture configurations
of 35 radii and 36 tibiae from 19 adult horses were
evaluated after a simulated kick in an experimental ex-
vivo study. The bones were dissected, the proximal and
distal ends were embedded in resin, fixed horizontally
and preloaded in compression, and a steel impactor,
designed to simulate a shod equine hoof, was dropped
from a height of three to six metres onto the diaphysis.
The experiments were filmed with a high-speed camera
(30,000 pictures/second). The bones were then photo-
graphed and radiographed using a C-arm based 3D
imaging device. A software programme (Osirix) was
used to reconstruct the fissured and fractured bones
three-dimensionally on a computer screen for assess-
ment of the fracture configuration and fissure lines. In-
complete fractures occurred in 26 bones and complete
fractures in 42. The complete fractures included 22 but-
terfly and 20 simple fractures; the latter included 17
oblique, two transverse and one longitudinal fracture.
Additional longitudinal fissures occurred in 98% of the
fractures. The butterfly fragment was always located on
the side opposite the impact. There was a significant
correlation between the type of bone and the fracture
configuration: butterfly and oblique fractures occurred
more frequently in the tibia, and incomplete fractures
occurred more frequently in the radius. The data col-
lected can be used to optimize evaluation of fractures
and fissures caused by a kick and thereby improve sur-
gical stabilization.
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Introduction
The repair of long bone fractures in horses is
extremely challenging. In addition to frac-
tures resulting from excessive strain during
racing or jumping, a kick from another horse
is one of the most important causes of long-
bone fractures in horses. A retrospective
study of patients sent to the equine clinic of
the University of Zurich revealed that ap-
proximately 47% of injuries caused by a kick
from another horse were associated with a
fissure or fracture, and that complete frac-
tures of the tibia and radius were common
(1). The prognosis for repair of radius and ti-
bial fractures is regarded as being poor
(2–5). Successful treatment depends on an
accurate evaluation of the fracture configur-
ation and stable internal fixation.
The majority of radius fractures are at-
tributable to external trauma, such as traffic
accidents or a kick from another horse (6).A
retrospective study of 47 horses with a
radius fracture revealed that the most com-
mon cause was a kick from another horse
(3). Comminuted fractures are most fre-
quently diagnosed (3, 7). External trauma,
such as a kick from another horse, is also the
most common cause of tibial fractures (6).
Fatigue fractures of the tibia occur mainly in
racehorses (8). Kicks to the tibia usually re-
sult in comminuted fractures, which run ob-
liquely across the bone (7).
Bones are not well adapted to resist trau-
ma, and when high strain rates are applied to
bones in an abnormal direction, fractures
can occur (9); they do not adapt to abnormal
loads because such loads rarely occur. Im-
pact loads, that act on the lateral or medial
side of long bones, often lead to serious in-
juries – such as fissures and fractures. Simi-
lar injuries may occur when pedestrians are
hit by motor vehicles (10, 11), or when hu-
mans or animals are kicked by horses (1).
There are a number of theories concerning
the mechanics of fracture development.
Leitz (12) hypothesized that bone fractures
are attributable to shearing forces. Another
author postulated that bone fractures occur
in the region that is subjected to the greatest
tension stress (13). More recent studies indi-
cate that the mechanics of bone fracture de-
pend on stress adaptation (14) and the
microarchitecture of the bone (15). The dif-
ferent aspects of a bone are usually sub-
jected to different types of forces. For
example, the cranial aspect of the equine
radius is almost exclusively loaded in ten-
sion and the caudal aspect in compression
(15). Such asymmetries result in different
patterns in the microarchitecture of the bone
and, consequently, in different mechanisms
of fracture (14). The fracture patterns or
configurations depend on the type of load
that caused the fracture as well as the energy
absorption and dissipation as the result of
the trauma (16).The type of loading, such as
tension, compression, torsion or bending,
determines the orientation of the fracture
lines, and the amount of energy dissipation
influences the degree of fracture communi-
cation (17, 18). To our knowledge, there is
not any published information concerning
the analysis of long-bone fracture configur-
ations in horses, and information concern-
ing fracture configurations after an experi-
mental impact is sparse (7).
The primary goal of the present study
was to determine the various potential frac-
ture configurations, the site of origin of the
fracture and fracture propagation that occur
in the axially-loaded tibia and radius after a
simulated kick injury. The data were col-
lected to serve as a basis for clinical and
radiographic assessment of fractures and
fissures caused by kick injuries and to opti-
mize their surgical fixation. Our secondary
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goal was to test the hypothesis that ‘kick in-
juries’ to the radius and tibia usually result
in butterfly (wedge) fractures similar to
those observed in clinical cases (1) and in
humans (19, 20) involved in motor vehicle
or other accidents.
Materials and methods
Procurement of bones
Thirty-five radii and 36 tibiae from 19
horses subjected to euthanasia at our clinic
for various reasons (Table 1) between
March 2001 and August 2004 were ob-
tained. The horses ranged in age from four
to 22 years and had not been diagnosed with
chronic bone disease. All musculoskeletal
problems were acute, and none of the horses
had been chronically lame before eutha-
nasia. Immediately after euthanasia, the
limbs were removed and skinned, and then
wrapped in saline-soaked cloth and stored at
–20°C until further use. One week before
Table 1
Signalement and reasons
for euthanasia of horses
used in the study.
Table 2 Frequency of incomplete and complete fractures after a simulated kick injury.
Age (years) Sex
22 Gelding
04 Mare
07 Mare
10 Mare
10 Mare
11 Mare
14 Mare
19 Mare
Breed
Freiberger
Swiss warmblood
Thoroughbred
Irish warmblood
German warmblood
Swiss warmblood
Freiberger
Dutch warmblood
Reason for euthanasia
Colic
Epiglottic entrapment
Melanoma
Back injury
Abnormal behaviour
Sarcoids
Poisoning
Arthritis of the fetlock joint after a
penetrating injury
09 Gelding German warmblood Subsolar abscess
11 Gelding Freiberger Colic
11 Gelding Freiberger Infectious arthritis of the fetlock joint
13 Gelding Swiss warmblood Fracture of the acetabulum/pelvis
14 Gelding Hungarian warmblood Back injury
18 Gelding Dutch warmblood Colic
20 Gelding Swiss warmblood Cardiac disease
21 Gelding Thoroughbred Rupture of the collateral ligament of
the fetlock joint
15 Gelding Dutch warmblood Colic
15 Gelding Swiss warmblood Ruptured tendon
17 Gelding Swiss warmblood Multiple Injuries
Identification of bone Fracture
No. Main typeAge Source Length of
bone (cm)
Circumference of
bone (cm)
Cortical thickness
(mm)
Horse Breed Gender
01 I 3 1 11 RL 40.0 14.3 09.1 4 1
02 I 3 1 11 RR 40.0 14.0 08.5 3 1
03 I 3 1 11 TL 39.8 14.3 10.5 4 3
04 I 3 1 11 TR 39.8 14.5 10.3 4 3
05 II 1 1 20 RL 38.8 14.5 09.9 4 2
06 II 1 1 20 RR 38.2 14.4 09.6 4 1
07 II 1 1 20 TL 41.0 15.1 08.3 3 2
08 II 1 1 20 TR 41.0 15.1 08.6 4 3
09 III 1 1 14 RL 41.2 16.0 10.4 1
10 III 1 1 14 RR 41.2 16.4 10.1 3 2
11 III 1 1 14 TL 38.5 14.5 09.6 3 3
13 IV 1 2 10 RL 38.3 14.5 09.2 2
14 IV 1 2 10 RR 37.2 13.5 09.5 2
15 IV 1 2 10 TL 37.2 13.8 09.4 4 3
16 IV 1 2 10 TR 42.6 16.1 11.0 4 3
17 V 2 1 21 RL 42.5 16.1 10.8 3 2
18 V 2 1 21 RR 39.2 14.0 09.0 3 2
Subtype
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Identification of bone Fracture
No. Main type
47 2
48 3 2
49 2
50 2
51 3 2
52 4
53 2
54 2
55 3 2
56 4 5
58 2
59 4 3
60 3 2
Age
22
22
15
15
15
15
07
07
07
07
18
18
18
Source
TL
TR
RL
RR
TL
TR
RL
RR
TL
TR
RR
TL
TR
Length of
bone (cm)
42.6
43.5
43.5
41.6
41.4
40.0
40.0
40.0
40.0
44.0
42.5
40.0
40.0
Circumference of
bone (cm)
15.7
15.8
15.5
15.7
15.3
15.5
15.5
15.8
15.5
16.0
16.3
14.3
14.0
Cortical thickness
(mm)
13.0
11.0
11.0
10.4
10.6
10.8
10.8
12.4
12.0
12.7
13.0
09.1
08.5
Horse
XII
XII
XIII
XIII
XIII
XIII
XIV
XIV
XIV
XIV
XV
XV
XV
Breed
3
3
1
1
1
1
2
2
2
2
1
1
1
Gender
1
1
1
1
1
1
2
2
2
2
1
1
1
19 V 2 1 21 TL 39.2 14.1 08.2 4 3
20 V 2 1 21 TR 39.9 15.1 11.4 3 2
21 VI 1 1 13 RL 41.2 15.0 09.0 3 2
22 VI 1 1 13 RR 41.2 15.0 09.0 3 2
23 VI 1 1 13 TL 39.0 13.9 08.8 2
24 VI 1 1 13 TR 39.0 13.8 09.1 4 3
25 VII 1 1 17 RL 36.6 14.5 09.0 2
26 VII 1 1 17 RR 36.8 14.8 08.9 4 3
27 VII 1 1 17 TL 38.2 15.1 11.0 4 4
28 VII 1 1 17 TR 38.2 15.0 12.0 3 2
29 VIII 1 2 04 RL 39.0 15.5 13.6 2
30 VIII 1 2 04 RR 42.0 15.0 11.4 2
31 VIII 1 2 04 TL 42.5 15.5 10.4 4
32 VIII 1 2 04 TR 42.5 15.6 10.5 1
33 IX 1 2 11 RL 41.5 15.3 11.7 3 2
34 IX 1 2 11 RR 41.5 15.4 11.7 2
35 IX 1 2 11 TL 44.0 15.4 09.9 2
36 IX 1 2 11 TR 44.0 15.1 10.0 2
37 X 1 1 09 RL 44.5 16.4 10.9 2
38 X 1 1 09 RR 44.4 16.4 11.1 2
39 X 1 1 09 TL 40.8 16.0 10.8 4 3
40 X 1 1 09 TR 40.6 15.8 10.4 4 3
41 XI 1 2 10 RL 39.8 14.4 12.0 4 3
42 XI 1 2 10 RR 39.4 14.4 11.7 2
43 XI 1 2 10 TL 45.2 17.2 13.0 3 2
44 XI 1 2 10 TR 45.1 17.8 12.3 3 2
45 XII 3 1 22 RL 41.0 14.7 10.2 3 2
46 XII 3 1 22 RR 41.1 15.7 10.6 3 1
Subtype
Table 2 Cont.
Vet Comp Orthop Traumatol 1/2008
52
Fürst et al.
pactor consisted of two parts. One was a
rectangular aluminium block measuring
360 mm in length. The second part form-
ed the tip, which was shaped like the edge
of a horseshoe and consisted of a steel
hemi-cylinder with a radius of 10 mm. In
order to create sufficient acceleration the
impactor was dropped down from a
predetermined height of three, four, five
and six meters onto the exact centre of the
bone. Different heights were randomly
chosen for the different horses in an at-
tempt to create different patterns and de-
grees of bone damage. At impact, the im-
pactor’s speed was 6.6 – 9.4 m/s and its
kinetic energy was 43.6 – 88.36 Joules.
The bone was held horizontally with the
medial side uppermost (Fig. 2). The
medial side was chosen because in a re-
cent study in horses, most fractures of the
radius or tibia occurred as a result of a
kick to the medial side of the bone (6).
Before impact, an axial force of 2,400 N
was applied to the bone to create a load
approximating that exerted on the radius
and tibia in the live horse. A high-speed
Identification of bone Fracture
No. Main type
71 2
72 1
74 2
75 1
76 4
Breed: 1, warmblood; 2, thoroughbred; 3, Freiberger.
Gender: 1, gelding; 2, mare.
Source: RR, right radius; RL, left radius; TR, right tibia; TL, left tibia.
Main type: 1, no damage; 2, fissure; 3, simple fracture; 4, butterfly fracture; 5, comminuted fracture
Subtype: Simple fracture: 1, transverse; 2, oblique; 3, longitudinal. Butterfly fracture: 1, one wedge; 2, quarter of a wedge; 3, half of a wedge; 4, three quarters of a wedge.
62 2
64 2
65 4 2
66 2
67 3 2
68 2
69 2
70 2
Age
19
19
11
11
11
11
14
14
14
14
15
15
15
Source
RR
TR
RL
RR
TL
TR
RL
RR
TL
TR
RR
TL
TR
Length of
bone (cm)
39.8
39.8
38.8
38.2
41.0
41.0
41.2
41.2
38.5
38.3
37.2
37.2
42.6
Circumference of
bone (cm)
14.3
14.5
14.5
14.4
15.1
15.1
16.0
16.4
14.5
14.5
13.5
13.8
16.1
Cortical thickness
(mm)
10.5
10.3
09.9
09.6
08.3
08.6
10.4
10.1
09.6
09.2
09.5
09.4
11.0
Horse
XVI
XVI
XVII
XVII
XVII
XVII
XVIII
XVIII
XVIII
XVIII
XIX
XIX
XIX
Breed
1
1
3
3
3
3
3
3
3
3
1
1
1
Gender
2
2
1
1
1
1
2
2
2
2
1
1
1 1
Subtype
63
Table 2 Cont.
Fig. 1
The bones have been dis-
sected and the ends have
been embedded in epoxy
resin.
a
Band saw K 410, Kolbe GmbH, Elchingen,
Germany.
evaluation the specimens were allowed to
thaw for further processing. After removal
of the soft tissues, the ulna and fibula were
removed with a band saw
a
and the bones
were shortened on both ends to a final
length of a maximum of 38 cm. Some bones
were shorter than 38 cm. The circumference
of the bone and the cortical thickness were
measured at the point of the impact (Table
2). The proximal and distal ends of the
bones were embedded in epoxy resin
b
(Fig.
1). The bones were rewrapped in saline-
soaked cloth, and then placed individually
in plastic bags in order to prevent drying and
stored at 4°C until further use. Only wet
bones were used for the experiment.
Experimental design and apparatus
to simulate a kick
An impactor weighing 2 kg was designed
in order to simulate the total mass of an
equine hoof and attached shoe. The im-
b
Biresin

, Sika Germany GmbH, Bad Urach,
Germany.
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camera
c
able to record 30,000 pictures/
second was used to record the impact (Fig.
3). The time of impact, the fracture propa-
gation across the bone and fracture patterns
during the simulated kick were evaluated
using computer aided video tracking with
sub-pixel resolution. Deformation of the
bone and fracture propagation could be de-
termined with an accuracy of 0.01 mm. The
bone damage after the simulated kick was
also assessed visually. The bones were
photographed after the impact in at least two
planes using a digital camera
d
, and the de-
gree of displacement of the bone fragments
was determined. C-arm based 3D imaging
with the SIREMOBIL Iso-C3D, which
takes 100 radiographs in defined angular in-
crements over an arc of 190 degrees was car-
ried out on all fractured bones (21, 22). Dur-
ing the automated scan, SIREMOIL Iso-
C3D acquires 256 2D frames in two minutes
and the 3D dataset, a cube of 12x12x12 cm
3
is generated simultaneously to the auto-
mated scan. The individual images were
used to produce a high-resolution 3D image
of the bone on a computer screen in coronal,
sagittal and axial planes. A software pro-
gramme (Osirix
e
) was used to analyze the
Fig. 3 A sequence of a high-speed camera recording.
c
MotionXtra HG-100K, Redlake Company, Tuc-
son, AZ, USA.
d
Sony Cyber-shot 5.0 Mega Pixels Company, Sony
AG, Schlieren, Switzerland.
e
OsiriX Medical Imaging Software, new gener-
ation DICOM Viewer for Mac OS X, http://www.
osirix-viewer.com
Fig. 2
Drawing of the experi-
mental apparatus.
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bone damage and allowed complex fracture
lines to be viewed from various angles so
that their exact path could be assessed (Figs.
4 and 5). Incomplete and complete fractures
were differentiated. Incomplete fractures in-
cluded fissure fractures, which involved
only one aspect of the cortex. Complete
fractures were divided into simple, butterfly
and complex fractures.
Statistical analysis
Statistical analyses were carried out using
SPSS 13 for MacOSX. An ordinal severity
score was constructed from the fracture
configurations as follows: 1=no damage;
2=incomplete fracture (fissure); 3=simple
fracture; and 4=butterfly fracture. Analyses
of the left and right tibiae and left and right
radii did not differ and thus, the mean from
the two corresponding bones was calculated
for the final analysis of the severity score.
The differences between paired ordinal
measurements (severity scores of tibiae and
radii within horses) were analyzed using the
Wilcoxon signed ranks test. The association
between age and severity was analyzed
using Spearman rank order correlation. And
the differences between ordinal variables
(severities) of independent groups (gender,
breed) were analyzed using the Mann-Whit-
ney U test. We assumed that within horses,
the factors age, gender and breed exerted the
same effects on the tibia and radius. There-
fore, the mean of both scores was used as the
overall severity score for a given horse to
analyze the associations between age,
gender or breed and fracture severity.
P<0.05 was considered significant.
Results
A total of 71 simulated-kick experiments
with as many bones were carried out. Com-
plete fractures occurred in 42 of the 71
bones; there were 22 butterfly fractures, 17
oblique fractures, two transverse fractures
and one longitudinal fracture (Tables 2 and
3).
No damage
Three bones (two tibiae and one radius) did
not sustain any damage. Gross and radio-
graphic examinations did not reveal any
lesions.
Incomplete fractures (fissures)
Twenty-six bones had incomplete fractures,
which were all fissures (Table 2). There were
neither impression nor subperiosteal frac-
tures. The appearance of all of the fissures
was very similar: exudation of some fluid
and a longitudinal fissure were seen on the
medial aspect of the bone directly after the
Table 3
Frequency of various frac-
tures after a simulated
kick injury.
No damage 03
Fissure 26
Transverse fracture 02
Oblique fracture 17
Longitudinal fracture 01
Butterfly fracture 22
Total 71
004.2
036.6
002.8
023.9
001.4
031.1
100
004.2
036.6
002.8
023.9
001.4
031.1
100
004.2
040.8
043.7
067.6
069
100
Bone damage Frequency Percent Valid percent Cumulative
percent
Fig. 4 An image reconstructed from Iso C 3D radio-
graphs using a software programme (Osirix).
Fig. 5
An image reconstructed
from Iso C 3D radiographs
using a software pro-
gramme (Osirix).
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impact. C-arm based 3D imaging revealed
longitudinal fissures running in a fairly
straight line along the medial and lateral cor-
tices. In most cases, the fissures were less
than 0.1 mm wide and ranged in length from
4 to 18 cm. The medial fissure ran through
the site of impact, and the fissure on the lat-
eral side ran parallel to the medial fissure.
Complete fractures
In bones that sustained complete fractures,
several small bone fragments less than 1.5
cm in length were commonly seen at the site
of the impact. These small cortical frag-
ments were slightly impressed into the bone.
The oblique fractures were the most com-
mon type of simple fracture seen (Fig. 6); in
most cases, the fracture line started on the
medial aspect of the bone at the site of the
impact and ran in a straight line towards the
lateral side. In 13 bones with an oblique
fracture, the fracture line ran proximally;
three also had an additional oblique fissure
that ran distally. In four bones with oblique
fractures, the fracture line ran distally and in
one of these, there were additional oblique
fissures that ran proximally. In the two
bones with a transverse fracture, the fracture
line was jagged and situated at the point of
contact with the impactor. Both of these
bones also had additional fragments and fis-
sure lines. Only one bone fractured axially
in a longitudinal direction; from the site of
impact, the fracture line ran latero-caudally
in the proximal part of the bone and latero-
cranially in the distal part.
Twenty-two bones sustained a butterfly
fracture (Fig. 7), in which the base of the frag-
ment was located on the lateral side and the
Fig. 6 Oblique fracture running from medial to lateral and distally. Fig. 7 Butterfly fracture. The butterfly fragment on the lateral side is connected to the im-
pact site on the medial side via a transverse fracture.
Statistical analysys: Wilcoxon Signed Ranks Test
Ranks:
Fracture configuration Tibia-
Fracture configurartin Radius
N
Negative Ranks 06 (a)
Positive Ranks 12 (b)
Ties 01 (c)
Total 19
a Mean Fracture Configuration < Mean Fracture Configuration Radius
b Mean Fracture Configuration > Mean Fracture Configuration Radius
c Mean Fracture Configuration = Mean Fracture Configuration Radius
a Based on negative ranks
b Wilcoxon Signed Ranks Test
Mean Rank
06.08
11.21
Sum of Ranks
036.50
134.50
Tests Statisics
Mean Fracture Configuration –
Mean Fracture Configuration Radius
Z –2.140 (a)
Asymp. Sig. (2-tailed) –0.032
Table 4
Analysis of the fracture
configuration of the
radius and tibia.
tip of the wedge-shaped fragment pointed to-
wards the site of impact.There was great vari-
ation in the size and morphology of the but-
terfly fragments and in 17 cases, the base had
a rhomboid shape. In five bones, the frag-
ment was completely separated from the rest
of the bone, but incomplete separation oc-
curred in 17 bones. There was complete sep-
aration of only one quarter of the rhomboid
fragment in three bones, the longitudinal half
of the fragment in 10, the transverse half of
the fragment in three and three quarters of the
fragment in one. The tip of the wedge-shaped
butterfly fragment was located directly at the
site of impact in three bones, and in another it
was connected to the impact site via an ob-
lique fissure. Most commonly, the fragment
was connected to the impact site via a trans-
verse fracture. In all of the bones, there were
additional fissures and fragments. The fis-
sures occurred predominantly on the lateral
and medial sides of the bones or ran in an ob-
lique line proximally or distally.
There were significant differences
(Table 4, P=0.032) between the radius and
tibia with respect to the frequency of the dif-
ferent fracture patterns. In the radius there
were more incomplete than complete frac-
tures, and in the tibia more complete frac-
tures were detected (Table 5). In the radius,
there were more oblique fractures than but-
terfly fractures, and in the tibia, the reverse
pattern was observed. There were not any
differences between the fracture patterns of
the corresponding bones from the left and
right extremities (p=0.77) and between the
different breeds (p=0.57). The age and the
gender of the horses did not have any effect
on the fracture pattern.
Videoanalysis
An analysis of the high-speed videos
showed that the first visible damage was al-
ways on the side opposite the impact (Fig.
8). Both transverse fractures started on the
lateral side of the bone and ran directly to-
wards the site of impact. In bones with ob-
lique fractures, the fracture ran at an ap-
proximate 45° angle toward the impact site.
In the one bone with a longitudinal fracture,
the fracture line was first seen on the latero-
cranial side, followed by the appearance of a
parallel fracture line on the side of the im-
pact. In bones with butterfly fragments two
fracture lines analogous to oblique fractures
occurred at an angle of approximately 45°
and then ran toward the impact site (Fig. 9).
Discussion
In the present study, a simulated kick to the
medial side of the radius and tibia com-
monly resulted in incomplete, simple and
butterfly fractures. Of special interest to us
was the fact that in the latter, the tip of the
wedge-shaped fragment was always di-
rected towards the site of impact. When a
horse is kicked by another horse, the af-
fected bone undergoes bending forces,
which change the shape of the bone (7).This
leads to tensional forces on the convex side
and compressive forces on the concave side.
The resulting fracture pattern is consistent
with that observed in tensile and compress-
ive testing of longitudinally-oriented speci-
mens. A transverse fracture surface will be
present on the tensile side of the specimen,
while an oblique fracture surface may be
created on the compressive side. The ob-
lique fracture lines may be accentuated in
situations in which combined compressive
and bending loads are imposed (16, 23).The
bone will break when its ultimate strength is
surpassed (9, 24). When a bone is loaded
with a sudden localized impact, the question
as to whether it will be damaged, or not, is
usually determined by how much of the kin-
etic energy that is produced by the impact
force can be absorbed (9). A typical experi-
mental design for studying fracture con-
figuration is to apply a static load to a bone,
in which the bone is slowly loaded until it
fails (25). However, in vivo, bones break as a
result of a sudden impact, rather than static
loading. Because of the viscoelastic proper-
ties of the bone, fracture behaviour and con-
figuration change if the bone is loaded
rapidly. At a higher impact velocity, the
bone absorbs more energy before it frac-
tures (18). The elastic modulus and ultimate
strength of the bone are approximately pro-
portional to the strain rate raised to the
power of 0.06 (16). In the dynamic trials of
the present study, incomplete fractures oc-
curred in more than one third of the bones
and always ran longitudinally. Fractures ac-
companied by longitudinal fissures were
also seen in another study (7). Similarly, in a
retrospective clinical study of 23 fissures of
the radius and tibia, 17 were the result of a
kick from another horse and most ran longi-
tudinally (26). However, because in our
study the sudden impact occurred at the
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Table 5 Fracture configuration of radius and tibia.
Bone damage Radius
No damage 1
Fissure 19
Transverse fracture 2
Oblique fracture 7
Longitudinal fracture 0
Butterfly fracture 6
Total 35
Tibia
2
7
0
10
1
16
36
Fig. 9
Schematic drawing of the
fracture onset and propa-
gation in a butterfly frac-
ture. 1) first visible frac-
ture; 2) second visible
fracture.
Fig. 8
Onset of the
fracture on the
contralateral
(lateral) side
after an impact
on the medial
side.
mid-diaphysis, it is not known whether
longitudinal fissures are equally common
after injury to the metaphysis or the joint re-
gion. Parasagittal fissures and fractures of
the metaphysis that extend into the joint are
frequently associated with metacarpal and
metatarsal injuries in racehorses in training
(27, 28). The occurrence of fissures in our
experiment demonstrated that the long
bones of horses are able to absorb a con-
siderable amount of energy without fractur-
ing completely.
In our study, 20 of 71 bones incurred
simple fractures; 17 of these were oblique
and two were transverse. Twenty-two bones
sustained a butterfly fracture. Similar but-
terfly and oblique fractures have also been
observed in experimental studies involving
human femurs (29) and other bones (30). In
humans, butterfly fractures can also occur
with indirect impact after a fall while skiing
or walking. These findings suggest that but-
terfly fractures are associated with high
energy absorption and fissure and simple
fractures with restricted energy absorption.
If this was substantiated in further studies,
the fracture configuration would allow de-
termination of the type of impact (17). Most
of the bones with oblique fractures also had
fissures, which could have caused butterfly
fractures had the impact been more severe.
Thus, the most common fracture configur-
ation in our study was a complete or incom-
plete butterfly fracture. In a retrospective
study of radius fractures in horses, 63% of
simple fractures were oblique and 37% were
transverse and many were the result of a
kick injury (3). Interestingly, all the trans-
verse fractures were seen in foals less than
six months of age. Foals sometimes incur
bone fractures after being stepped on rather
than from a kick. Because there is not any
axial preloading force on the bones of a re-
cumbent foal, an impact results in dynamic
bending of the bone, which causes a trans-
verse fracture. Butterfly fractures (52%)
were the most common type of complete
fracture seen in the present study, confirm-
ing our hypothesis that butterfly fractures
result from a sudden impact. Although the
fractures were not described in detail in
other studies (3, 7), it seems likely that most
of the comminuted radius fractures were in
fact butterfly fractures. Interestingly, the
base of the butterfly fragment was always on
the lateral side (opposite the impact). This
was in agreement with human tibiae that
underwent dynamic fracture experiments
(13) but was in disagreement with other re-
ports in horses and humans that in a bone
subjected to tension and compression, a
wedge occurs with its base along the side of
compression (31–33). This discrepancy
may be attributable to the speed of the im-
pactor. The characteristics of bone change
with the speed of the inflicted trauma, which
may influence the resultant fracture con-
figuration. There is a lack of investigations
on the relationship between the region of
bone kicked and the resultant fracture con-
figuration in horses. Further studies are
therefore required in order to corroborate
our results with those in live horses.
In complete fractures, several small bone
fragments were commonly seen at the site of
impact; these fragments are characteristic of
dynamic trauma (34). Therefore, if several
small fragments are encountered super-
ficially in one location in a fractured bone, it
can be assumed that this was the location of
an impact of a dynamic force. The observa-
tion that additional fissures occurred in 98%
of the complete fractures has practical im-
plications: when stabilizing a complete frac-
ture caused by a kick, the surgeon must con-
sider the possible presence of additional fis-
sures, which may run longitudinally or at an
approximate 45-degree angle, and place
plates and screws accordingly.
There was a significant correlation be-
tween the type of bone (radius or tibia) and
the fracture configuration. We believe that
this could be because of the different shape
and structure of the two bones: the tibia has
a greater surface area, a thicker cortex and a
larger diameter than the radius (35). The
cross-sectional area and distribution of bone
substance around the neutral axis affects
bone strength and stiffness. The larger the
polar moment of inertia, the stronger and
stiffer the bone (18). The regulation of ener-
gy absorption depends on the cross-sec-
tional area (36). This may explain the ob-
served differences between the rather round
radius and the more triangular tibia. The
more severe damage sustained by the tibia
was accompanied by a larger number of
micro-defects compared with the radius.
Micro-defects absorb a substantial amount
of energy before the bone breaks (37). Thus,
an increase in the number of micro-defects
likely leads to a complete fracture of the
whole specimen (14). In order to capture all
the events of bone fracture on film, it was
necessary to remove all the soft tissue from
the bones. Soft tissue protects bone (38), al-
though a study using rabbits showed that the
fracture configuration of bones with and
without the soft tissue layer did not differ
(39). The effect of overlying soft tissue on
the fracture configuration was therefore not
considered in the present study. The bones
used in our study were healthy and not
allowed to dry. It was not possible to test the
bones immediately after procurement,
hence it was necessary to store them at
–20°C. The biomechanical properties of
bone are not affected significantly by the
freezing process or by test temperatures of
–20 to –196 degrees C (40, 41).The strength
of long bones tested in torsion was not ad-
versely affected.
The forces acting on a bone during a kick
vary with the position (standing or moving)
of the leg being kicked, the distance between
the horses involved and the load and the
force of the kick. In a study of the injury po-
tential of taekwondo kicks, it was deter-
mined that the severity of damage was de-
pendent mainly on the velocity of the kick
(42). The length and weight of the leg de-
livering the kick appeared to have little ef-
fect on the extent of damage. We therefore
ignored the movement of the bone receiving
the kick and kept the direction of the impact
at a constant 90° angle relative to the long
axis of the bone. The average velocity
required to cause a complete fracture in
equine bone without soft tissue protection
was about 8 m/s (43). It can be assumed that
the velocity of a kick required to fracture the
radius or tibia in vivo is greater than this be-
cause of energy absorption by the soft tissue
(38, 39).
Conclusion
The results of our study show that simulated
kick injuries to the radius and tibia result in
incomplete (fissures), complete oblique or
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butterfly fractures. The findings provide a
theoretical data base that can be used to fa-
cilitate assessment of equine fractures
caused by a kick. Further studies are war-
ranted in order to determine whether this
knowledge can help to optimize surgical
fixation of long-bone fractures in the horse.
Acknowledgements
The authors wish to thank an anonymous donor for fi-
nancial support of this study. Thanks go to Dr. Paul
Harpes for statistical advice, and to Mr. Bruno
Gerzner and Mr. Urs Müller for their help with prepar-
ing the bones.
